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SUMMARY

Pressure distributions on some simple sharp-nosed aerodynamic shapes
have been obtained at Mach numbers from 16 to 18 in helium flow. The
results obtained for the flat plate differ from the prediction of Lees for
the strong interaction region by an amount which may be accounted for by
the finite thickness of the leading edge. The wedge results are believed
to be influenced by a bleedoff effect which results in a lower surface
pressure than predicted by the viscous-interaction theory. The resulis
for the 5° and 10° cones show better agreement with the Taylor-Maccoll
prediction as the cone angle becames larger. Temperature recovery factors
are also presented and agree with the Prandtl number relationship.

INTRODUCTICON

The possibility of operating air wind tunnels for long time intervals
at Mach numbers sbove 12 to li4 sppears remote, and the use of helium flow
to obtain test data and study aerodynamic and viscous effects at Mach num-
bers approaching satellite velocity has received increased attention. At
present there are few data avalleble for Mech numbers above 10.

The primary purpose of this investigation was to obtain pressure-
distribution data at Mach numbers ranging from 16 to 18 for some simple
sharp-nosed serodynamic shapes. From these data the accuracy of available
theory for predicting pressure distributions may be assessed. In addi-
tion, it was desired to show qualitatively the importance of the viscous-
compressible effects and to identify those effects that account for the
shortcomings of present theory.

Several theoretical studies concerning the viscous-compressible inter-
action problem have been reported. These studies may be classified into
the so-called weak-interaction theory and the strong-interaction theory.
Within the strong-interaction region there are two approaches to the
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viscous solution. The first approach assumes thet two separate regions
exist behind the shock: the viscous boundary layer and a zone of invis-
cid flow between the shock and the edge of the boundary layer. The sec-
ond approach assumes that only one region exists under the shock; this
region is treated by the boundary-layer equations. Reported studies
based on the first approach to the strong-interaction region are those
by Bertram (ref. 1), Kuo (ref. 2), Lees (refs. 3 and 4), and Lees and
Probstein (ref. 5). Investigations which use the second approach are
reported by Li and Nagamatsu (ref. 6) and Shen (ref. 7).

Results of experimental investigations on the viscous-compressible
effects in air have been reported by Bertram (ref. 8) for a Mach number
of 6.9 and by Kendall (ref. 9) for a Mach number of 5.8. Experimental
studies in helium flow have been reported by Hammitt and Bogdonoff
(refs. 10 and 11) for Mach numbers up to 1%.3 and by Munson (ref. 12)
for a Mach number of 18.%.

The Mech number range for the present investigation was from 16 to
18, and the flow Reynolds number was from 0.9 X 106 to 1.5 X lO6 per inch.

SYMBOLS

o linear viscosity coefficient in relation “w/“t = C<TW/TZ)
and determined from relation C = <l + ZLE—E-ME)aPl, for
Npp = 1 '

d diameter

h height of model .

A length of model

M Mach number

D pressure

Py back pressure

Op induced static pressure, measured surface pressure minus

inviscid pressure - '

Np -~ - Prandtl number
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R Reynolds number

r radius

t 'leading-eage thickness

T absolute temperature

W width of model

X1e distance from leading edge of model

Xth distance from throat of nozzle

v lateral distance from center line of nozzle
Y ratio of specific heats

B viscosity

X hypersonic interaction parameter, MLBJEYVE;:;-
w viscosity power law lndex in relation uW/pL = (Twlii>w
Subscripts:

o] stagnation condition

le leading-edge condition

t factor based on leading-edge thickness

x factor based on distance from leading edge
w wall condition

1 local inviscid condition

0 free-stream condition

Superscript:

! total-pressure condition
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APPARATUS

All tests were performed in a small-scale hypersonic heliym tunnel
located in the Langley 9-Inch Tunnel Section., This tunnel 1s shown in
figure 1. The tunnel has a throat diameter of 0.030 inch and expands with
a. divergence angle of 5° to a constant-area section which is 0.907 inch in
diameter. Helium was supplied from a 55-cubic-foot reservoir to the tunnel
stagnation chamber at pressures up to 3,000 pounds per square inch. Under
these conditions, the tunnel could be operated for 20 minutes at a stagna-
tion pressure of 2,400 pounds per square inch. A two-stage steam ejector
was used to maintain a back pressure as low as 0.75 pound per square inch
absolute depending on the mass flow of helium. The stagnation temperature
for any given test was constant and always in the range of 85° F to 95° F.
In order to facilitate the study of back-pressure effects, a control valve
wag located Just downstream of the tunnel exhaust.

This tunnel was equipped wilith removable schlieren windows and corre-
sponding contoured inserts. The schlleren windows disturbed the axisym-
metric feature of the nozzle shape and were inserted only for optical
obgservations. The contoured inserts which replaced the schlieren windows
retained the axisymmetric feature and were used for all pressure and tem-
perature studies.

The test models were supported by means of a long sting as shown in
figure 1. The sting was positioned by a motorized gear-and-screw system
and centered with a spider and bushing located Just downstream of the tun-
nel exhaust. The orifice locations and dimenslons of the test models are
shown in figure 2. The orifices were all 0.015 inch in diameter. For the
models on which temperatures were measured, the thermocouple junctions
were located at positions which correspond to the orifice locations.

TUNNEL CALIBRATTON

The design expansion ratio of the tumnel corresponds to a Mach number
of 2k.k based on one-dimensionsl theory. (See fig. 3.) However, the Mach
number obtained from a total-pressure survey wes considerebly less than
that predicted by one-dimensional theory, as shown in figure 3. The total
pressures were measured for the stagnation pressures of 2,000, 2,400, and
2,800 pounds per square inch at 0.5-inch intervals between 4.5 and
6 0 inches from the nozzle throat. These intervals corresponded to the
locations of the schlieren windows. For the entire calibration, the
contoured inserts were used to retain the axisymmetric feature of the
nozzle. The Mach number gradient along the center line of the nozzle,
which is shown in figure 3, is of the order of 2 per inch between 4.5 and
5.0 inches from the throat, while the gradlent is less farther downstrean.
Between 5.5 and 6.0 inches from the throat the gradient is approximately
L per inch. The effect of stagnation pressure on Mach number is also
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ghown in figure 3. As the stagnation pressure increases, the Mach number
increases. This variation might be expected since a reduction in the wall
boundary-layer thickness sllows a relatively greater flow cross-sectional
area. This effect is slight at the 4.5- and 5.0-inch locations, but a
large effect is shown at the 5.5- and 6.0-inch locations.

A lateral total-pressure survey for stagnation pressures of 2,000,
2,400, and 2,800 pounds per square inch at a constant back pressure of
1 pound per square inch absolute was made to determine the useful testing
region of the tumnnel. The results of this survey are given in figure L.
Figure L4 shows that the useful free-stream core is approximately 0.4 inch
in diameter. The lateral Mach number distributions for the various stag-
nation pressures are shown in figure 5. The Mach number variation at 4.5
and 5.0 inches from the throat is t1 percent in the useful testing region
and somewhat greater at the more downstream positions.

A lateral total-pressure survey was also made for various back pres-
sures and a constant stagnation pressure to determine the effect of back
pressure on the quality of the flow. The stagnation pressure was held
constant at 2,400 pounds per square inch while tests were made at back
pressures of 1.0, 1.5, and 2.0 pounds per square inch absolute. Figure 6
shows the results of these tests. In figure 6 the ratio of total pressure
to stagnation pressure is plotted against lateral distance from the tunnel
center line at various distances from the nozzle throst. Figure T presents
these same date in terms of free-stream Mach number.

Figure 6 shows that, at a distance of 4.5 inches from the throat, the
back pressure does not affect the total-pressure measurements. The lat-
eral survey at 5.0 inches fram the throet indicates negligible effect of
back pressure for values of 1.0 and 1.5 pounds per square inch absolute;
however, when the back pressure is raised to 2.0 pounds per square inch
ebsolute, the adverse effect of increasing back pressure becomes very
noticeable. The change in Mach number caused by this increase in back
pressure is shown in figure 7. The effect of back pressure becomes even
greater at the 5.5- and 6.0-inch locations.

PRECISION

The estimated probable error for the measurement of the stagnation
pressure is t5 pounds per square inch and that for the total pressure is
.10.1 pound per square inch. This combination of errors gives an accuracy
of approximately t0.3 percent in Mach number for the range from 16 to 18
at stagnation pressures of 2,000 to 2,800 pounds per square inch. The
estimated accuracy in measuring the surface pressure on the test models
is t0.008 pound per square inch. The magnitude of the estimated error
for the ratios p/po and A@/pz is given in the following table for the

various test models for Po = 2,400 pounds per square inch and Mle = 17.3:
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Configuration B/?, Ag/bz

Flat plate +0.03 x 10-}4 +0.3
50 wedge .03 - +.05
10° wedge +.03 +.015
5° cone .03 .06
10° cone +.03 +.018

' The meassured temperatures are estimated to be accurate within 10 P,
TESTS

For all the tests, the models were alined along the tunnel center
line at zero angle of attack and zeroc angle of yaw. The tunnel back
pressure was held to less than 1 pound per squere inch absclute for all
tests. The free-stream Mach number was varled by changing the longi-
tudinal location ¢f the models. Figure 3 shows the free-stream Mach
number plotted against distance from the throat of the tunnel., The
Mach number at the leading edge of the test models was in the range from
16.0 to 17.4. The Reynolds number was varied by changing the stagnation
pressure within the limits 2,000 to 2,800 pounds per square inch. The
viscosity-tempereture relationship reported by Akin (ref. 13) is

u = 8.%515m0-64T 10~

wvhere y 1is the viscosity in lb/hr-ft and ‘T is in ©R. Thie relationship
was used in the Reynolds number determination. Figure 8 shows the free-
stresn test Reynolds numbers to be in the range from 0.9 X 106 to 1.5 X lO6
per inch. The Reynolds number based on leading-edge thickness Ry for
each model was determined and all values indicate continuum flow. The
numerical values of Ry are presented along with the pressure-distribution
results. The surface static pressures on each model were measured at the
settled-out condition which was usually obtained after 3 to 4 minutes. The
surface temperatures on the two-dimensional models were slso obtained and
required 2 to 3 minutes to reach equilibrium. '
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RESULTS AND DISCUSSION

Temperature Recovery

In order to determine the validity of the assumption that the models
were tested under adiabatic conditions, temperature recovery factors were
obtained on the two~dimensionsl shapes. These factors are shown in fig-
ure 9. With a constent Prandtl number Np,, the theoretical recovery

factor for & laminar boundary layer is NPrl/2 (ref. 14). A repre-

sentative Prandtl number for helium is 0.695 (refs. 13, 15, and 16). The

recovery factor calculated from NPrl/2 is therefore approximately

0.83. The measured temperature recovery factors shown in figure 9 range
approximately from 0.83 to 0.88. For the flat plate, the temperature
recovery factors are highest near the leading edge and decrease with dis-
tance dowmstream from the leading edge. This temperature gradient is
possibly due to heat transfer from the lower surface or wedge-shape por-
tion through the plate to the upper surface where the thermocouples are
located. This comparison of figure 9 with the Prandtl number relation
indicates that essentially insulated conditions existed on the models
during the tests.

Schlieren Observations

Schlieren photographs were obtalned for all test models at the two
test locations which correspond to leading-edge Mach numbers of 16.1 and
17.3. Figure 10 shows a strong shock over the upper surface of the flat
plate. This shock 1s believed to be generated by the boundary layer on
the plate since the boundary layer causes an effective model thickness
and a probable contribution due to the finite leading edge. Figure 10
also shows the close proximity of the shock wave to the boundary layer
near the leading edges of the wedges and cones.

Pressure Distribution

Flat plate.- The pressure distribution along the surface of a flat
plate is shown in figure 11. The ratio of measured surface static pres-
sure to stagnation pressure is plotted agelnst the distance from the
leading edge and compared with the calculated inviscid-pressure ratio.
Since there is an appreciable Mach number gradient in the tunnel, the

* inviscid pressure and Mach number were calculated for local conditions

based on this gradient which was determined from a tunnel calibration
with no model but at corresponding orifice locatlions. The inviscid ratio
of p/p, is shown in figure 11 for M. = 16.1 and 17.3.

Figure 11 indicates that the measured surface pressures are from 9
to 10 times the inviscld pressure at a location 0.051 inch from the
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leading edge and decrease to 5 or 6 times the inviscid préssure at
0.304 inch. —-

The induced-pressure increment divided by the inviscld pressure is
plotted against 1 Bx,1 in figure 12, vhere Rx,z' is the local Reynolds

number based on the distance from the leading edge. The significance of
this correlation is better understood when 1t is remembered that the local
streamline deflection induced by the boundary layer is of the order

%//Rx, . The data plotted in this manner form an essentially straight
line for a given Mach number. However, the data for MZe = 17.3 £ 0.1
form & distinctly higher curve than the data form for M;, = 16.1 + 0.2,

This difference is due.to the greeter boundasry-layer effects at the higher
Mach number. The datae which correspond to the greatest distances from the

leading edge or smallest values of l/ Rx,z tend to rise above the trénd

established by the more forward locations. This rise in pressure may be
due to & pressure bleed-in to the upper surface from the high-pressure
region at the under surface of the plate or possibly to transition of the
boundary layer. i}
For the region very close to the leading edge, where the shock—
boundary-layer lnteraction is strong, the form of the equation for calcu-
lating the induced pressure on an insulated flat plate a8 set forth by
Lees (ref. 4) is T

2 - A%, (1)

where X, = M J/C / Ry o &nd A = 0.92 for helium. For a flat plate,

the local free-stream condition is identical to the local inviscid con-
dition. This equation may therefore be rewrltten as

2P - 0.92X -1 (2)

and is the zero-order prediction for the induced pressure in the strong-
interactlon reglon.

At greater distances from the leading edge of a flat plate the shock— .
boundary-layer interaction 1ls week. Lees and Probstein (ref. 5) give a Vf
second-order solution for the wesk-interaction region for helium flow as



9]

NACA TN 4113 9

& _ 0.629% + 0.152%2 (3)

Dy

Results for the flat plate are shown in figure 13 where Ap/pz is

plotted against X. A comparison is made with the zero-order strong-
interaction theory end the second-order weak-intersction theory. The
data corresponding to X > 5 +tend to aline parallel to and somewhat
higher than data predicted by the strong-interaction theory, as shown
in figure 13. For ¥X < 5, the induced pressures rise above the estab-
lished trend because of what is believed to be a pressure bleed effect
from the under surface of the plate. The second-order wesk-interaction
theory should not be applied for values of X greater than 2 or 3.

The difference between experiment and the zero-order strong-
interaction theory is believed to be due to finite leading-edge effects.
Cheng and Pallone (ref. 17) present an equation for predicting the
induced-pressure increase due to a finite leading-edge thickness. The
induced pressure due to a finite leading edge in helium flow is

A@—P-> - 0.160x%/ 5Mmz(_) -2/3 | (1)

X
L t

where k 1s the nose drag coefficient which may be calculated from the
following expression (ref. 4):

- Y+ 3L .2
k = Cp,max 7+1|} (7+3)Mm2} (5)

The following table, based on equations (4) and (5), shows the induced-
pressure rise due to the leading-edge thickness of %t = 0.0006:

Orifice éE)

location, Py

x, in. M, = 17.3 M, = 16.1

0.051
.106
.237
.30k

l-l

oW
N W
oW
OO

.

These calculated values for A(§E> indicate that the difference between
l

experiment and zero-order strong-interaction theory shown 1n figure 13

ney ve accounted for by the finite leading edge.
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Wedges .~ Preasure-distribution results for the 5° wedge are presetited
in figure 14, where the ratilo p/po is plotted against the distance from

the leading edge. Figures 15 and 16 show these same results with Ap/pz

' plotted against 1/9 ,1 and X, respectively. The results for the
10° wedge are plotted in the seme manner in figures 17 to 19.

Figure 1% shows the relation between the measured surface static

1
pressure and the calculated inviscld pressure. Figure 15 shows that VE;-.

1
b

correlates the pressure data fairly well, but there is & distinct defini-

tion between the data at My, = 17.3 £ 0.1 ~and M;, = 16.1 + 0.2, The

data for the higher Mach number indicate a greater induced pressure due to
a greater boundary-layer effect. The curve deflned by the dats should pass
through the origin, since as Rx,z — o the induced pressure becomes zero;

however, as shown in figure 15, the measured surface static pressure is
tending toward a value legs than the calculated inviscid pressure based on
a 10° flow-deflection angle at each orifice. This trend is likely due to
a pressure bleedoff from the model surface to the low stream pressure
which exists adjacent to the parallel sides of the wedge or to the low-
pressure region at the base of the wedge or to both reglons.

The equation for predicting the induced pressure on a wedge in the
weak-Interaction region is ldentical to the equation for a flat plate in
the weak-interaction region if ¥ is evaluated for the local conditions.
Equation (3), then, represents the second-order week-interaction theory
for the wedges. - .

Figure 16 shows that the data corresponding to values of
0.8 $X £ 1.2 fall somewhat below but parallel to the second-order week-
interaction theory. For values of X < 0.8, the data depart from predic-
tion to an even greater extent. It 1s believed that the entire surface
of the wedge 1s influenced by a bleedoff to the parallel edges. In
addition, the greater departure from theory at the more rearward orifices
mey be due to the additional bleedoff to the low-pressure region at the
base of the wedge.

Figure 17 shows that the measured surface pressures on the 10° wedge
are less than those predicted by two-dimensional invisecid theory under cer-
taln conditions, possibly because of the actual three-dimensional effects
which allow a pressure bleedoff to the parallel sldes and to the low-
pressure region at the base of the wedge. Figure 19 shows that the results
for My = 17.3 * 0.1 and for My, = 16.1 £ 0.2 tend to form two separate

cyrves but differ in magnitude by only twlce the estimated accuracy for
A@/pL Aside from this small difference, the results for the 100 wedge

presented in figure 19 show that the X parameter correlates the data
in spite of the obviously large bleedoff effects.
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Cones.- Pressure-distribution results for the 5° cone are presented
in figure 20, where the ratio p/po 1s plotted against the distance from

the leading edge. The same date are represented in figures 21 and 22,
where Ap/pz is plotted against l</Rx’z and X, respectively. The

results for the 10° cone are represented in & similar menner in fig-
ures 23 to 25.

The results shown in figure 20 for the 5° cone indicate surface pres-
sures which are slightly higher than the Teylor-Maccoll prediction. Fig-
ure 21 shows that the greatest induced pressure was observed at the loca-
tion nearest the apex for Mle = 17.2 and was 35 percent greater than

the calculated inviscid pressure. For this comparison, the zero axis of
the ordinate scale represents the calculated inviscid pressure obtained
by the Taylor-Maccoll theory. The difference between experiment and
Taylor-Maccoll theory decreases to 10 to 20 percent at the second orifice
location. The data representing the most rearward orifice show a higher
pressure than that expected from the established trend. The schlieren
photographs show that the tunnel boundary layer intersects the model shock
near the base of the cone; however, the tunnel boundary lsyer is believed
not to affect the surface pressure at the last orifice, since it is well
upstream of the point of intersection. There appears to be no reasonable
explanation of the pressure rise in the region of the last orifite.

The expression for calculating the induced pressure on an unyawed
cone is of the same form as eguation (3). By using the Mangler transfor-
metion, the cone prediction 1s obtained. By replacing X with 7)9?7
in equation (3), the induced pressure on a cone is determined from the
equation:

gﬁ = 0.363X + 0.051%2 (6)

1

The experimental scatter shown in figure 22 is of the order of the
estimated error with the exception of the values of X < 1.0.

Figure 23 shows the comparison between the results for a 10° cone
and Taylor-Maccoll theory. For some conditions, the measured pressure
i1s less than the Taylor-Maccoll prediction. Figure 24 shows that the
results obtailned on the 10° cone are all within +6 or T percent of the
calculated inviscid pressure (that is, the Taylor-Maccoll prediction).
In figure 25, evaluation of the correlation of results with X is diffi-
cult because the range of X examined is small. '
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The results obtained on the 5° and 10° cones are consistent with
the results reported by Munson (ref. 12) insofar as the effect of cone
angle is concerned. Munson measured surface statlc pressures on a 15°
and 20° cone in helium at M, = 18.4 and found good agréement with the
Taylor-Maccoll theory. The results from the present study and those
reported by Munson show that the surface static pressure on & cone more
nearly agrees with the Teylor-Maccoll theory as the cone angle is
increased.

Compilation of results.- Figure 26 represents a composite of results
for the flat plate and wedges with Ap/pz plotted ageinst X. The

second-order weask-interaction theory and the zero-order strong-interaction
theory are also indicated in figure 26. The difference between experiment
and the zero-order strong-interaction theory for the flat plate 1s probably
accounted for by the effect of a finite leading-edge thickness, except for
the rear orifices which appear to be affected by pressure bleed-in (prob-
ably from the under side), whereas all the wedge results are believed to

be influenced by & Pressure bleedoff mechanism.

A representative curve of the experimental results of Hemmitt and
Bogdonoff (ref. 10) at 11.8 <M;, < 14%.3 is shown in figure 26 for com-

parison. The results of Hammitt and Bogdonoff show induced pressures of
the order of 2% times the strong-interaction theory for the flat plate,

while the results of the present investigation for smaller leading-edge
thicknesses are of the order of l% times the strong-interaction theory.

When the prediction for the induced-pressure rise due to finite leading
edge as presented by Cheng and Pallone (ref. 17) is applied to the
results of Hemmitt and Bogdonoff, the flat-plate results are still much
higher than the resulits predicted by theory. At present no reason is
apparent for the large difference in the two experiments.

CONCLUSIONS

-

An aerodynemic investigation in the Mach number range from 16 to 18
of a flat plate, 5° wedge, 10° wedge, 5° cone, and 10° cone in helium
flow indicates the following concluslons:

1. The induced pressures measured on a flat plate in the present
investigation are approximately one-half those reported by Hanmitt and
Bogdonoff for the same values of the hypersonic interaction parameter.
There is no apparent reason for this large difference in the two experi-
ments; however, the pressure-distribution date obtained on a flat plate
for the present investigation agree reasonably well with the prediction
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of Lees for the strong-interaction region, except for an amount which
may be accounted for by the finite thickness of the leading edge.

2. The results obtained from the tests with wedges 1ndicated lower
surface pressures than those predicted by viscous interaction theory.
This result is believed to be caused by & pressure bleedoff effect to
the sides, the edges, and the base.

3. The pressure-distribution results for the cones show Iincreased
agreement with the Taylor-Maccoll prediction as the cone angle becomes
larger.

k, The measured temperature recovery factors for the two-dimensional
models are all approximately equal to the square root of the Prandtl
number,

Langley Aeronautical Laboratory,
National Advisory Committee for Aeronautics,
Langley Fileld, Va., July 9, 1957.
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All dimensions sre in inches.

Figure 1.- Sketch of small-scale hypersonic helium tunnel.
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Figure 2.- Test models.

Flat plate:
%,=0.051
x,=0.106

’ x;=0.237
x,=0.304

5° wedge:
x,=0.210
x,=0.335
x3=0.465
%,=0.593
xg=0.695

10° w edge:
x,=0.125
X,=0.248
x,=0.373
x,=0.516

5° cone:
(0°) x,=0.210
(180°) x,=0.356
(90°) x4,=0.520
(270°) x,=0.520

10° cone:

(0°) x,=0.120
(180°) x,=0.185
(90°) x,=0.256
(270°) x,=0.256

All dimensions are
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7=1.473

h=0.064

w=0.375 .
t_eading edge =0.0006

2=1.711
h=0.299
w=0.300
'Leading edge =0.0007

/=0.85I

h=0.300

w=0.300
L eading edge =0.0005

/=1688
d=0.297
L eading edge =0.0013

/7 =0.809
d=0.296
Leading edge =0.0015

in inches.
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Figure 3.- Mach number distribution along center line of nozzle.
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Figure 4.- Lateral total-pressure survey for various stagnation pres-

sures and constant back pressure.

absolute.

Py = 1.0 pound per square inch
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absolute.
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Figure 10.- Schlieren photographs of test models.
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Figure 10.- Concluded.
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Figure 11.- Variation of ratio of surface pressure to stagnation pres-
sure with distance from leading edge of flat plate.
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Figure 16.- Induced-static-pressure ratio plotted against X for 5° wedge.
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Figure 17.- Variation of ratio of surface pressure to stegnation pres-
sure with distance from leading edge of 10° wedge.
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Figure 23.- Varlation of ratio of surface pressure to stagnation pres-
sure with distance from leading edge of 10° cone.
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